For marine platforms, assessing the structural resilience in a corroded condition is vital for both design and maintenance practices. With the development of computational and experimental methods for structural analysis, the accuracy of the structural response prediction relies on a better understanding of the material degradation process. However, a realistic estimate of corrosion is inherently a complex undertaking. Corrosion of even a single form can often involve multiple stages, each of which has different steps across several geometric scales; corrosion systems are often multi-layered and involve geometric complexities; the mechanical factors (stress/strain distributions) could affect the corrosion initiation and kinetics. These complexities have resulted in scientific barriers to the advancement of a corrosion prognosis that forecasts damage accumulation, as well as a computational realization of the corrosion-structural analysis. This paper reviews the numerical and experimental work that the authors have done, including the development of nonlinear finite element models to assess the behavior of damaged steel ship structures, full-field experimental verifications, application of the mechanoelectrochemical theory and in situ tensile-corrosion tests. It is intended that the outcome of this research will be the establishment of a systematic multi-scale multi-physics experimental and numerical protocol for predicting aged structural resilience.
INTRODUCTION
Since the 1950s the construction time of ships and oil rigs has been significantly reduced due to advances in welding and maintenance technologies, whereas the operating lifespan of assets have doubled or even tripled. Yet marine platforms operate within one of the harshest environments for mechanical structures. Although various prevention systems are currently applied, corrosion damage, often in a localized area, is still occurring due to protective coating breakdown, insufficient cathodic protection, inappropriate material selection and lack of prompt maintenance. For example, the so-called "super rust" found in oil tankers has a corrosion rate 5 to 7 times higher than the normally accepted uniform corrosion rate [1] . Moreover, severe corrosion damage is frequently found along weldments and heat-affected zones, which facilitate cracking and deteriorate the structural integrity [2, 3] . Lack of a firm understanding of the operational environment directly increases the unpredictability of corrosion, hence leading to time consuming and costly correcting measures when either the infrastructure or vessel is operational [4] . In 2011, the global cost of marine corrosion was estimated to be a staggering $7.5 billion for new constructions and $5.4 billion for repair and maintenance [5] . This leads to an annual loss of 60 million tons of steel of which 25-30% could be saved if corrosion prevention strategies are appropriately employed. Additionally, the introduction of more flexible surveying schedules could help to reduce maintenance costs and increase operating times.
Through maritime platforms' service life, predicting the material degradation process is inherently a complex understating for that even a single type of marine corrosion often involves multiple stages, each of which has different elementary steps or processes across several length scales. Moreover, the degradation process is at the often multi-physics/multi-scale and involves geometric complexities for instance physical joints and crevices, as well as mechanical factors such as in-service loading and weld-induced residual stresses that affect corrosion initiation and kinetics. The nature of protective films and corrosion product scales can also be affected by excessive structural deformation. This leads to significant challenges when establishing reliable structural performance and inspection/repair strategies.
The key research disciplines include corrosion prediction and structural analysis. The majority of the existing corrosion prediction models used in engineering applications are in statistical/empirical forms based on field measurements. Although such models have been published in recent years [6, 7] , the most up-to-date corrosion data sets that are available in the open literature were dated back in 2005 and 2008 for singlehull oil tankers and bulk carriers respectively, with only 1404 measurements in the latter set [8, 9] . The lack of new databases and insufficient data quantity may result in unrealistic corrosion predictions. Corrosion kinetics are also widely studied in smallscale laboratory and field coupon tests, focusing on various environmental factors [10] [11] [12] [13] . However, the measured corrosion rates are often used for reference only in practical design. In terms of estimating the ultimate strength of damaged/corroded structures, nonlinear finite element analysis (FEA) and semianalytical approaches have been widely utilized for engineering applications, scaling from plates to box girders and hull girders. Detailed corrosion features for instance localized damage of tens of millimeters in length and non-uniform surfaces are frequently incorporated in FEA models at scales below compartment level using 3D solid and 2D shell elements [14] [15] [16] [17] . Model validation is normally achieved by conducting small-scale mechanical experiments [18] [19] [20] . As the structural dimension increases, corrosion is simplified as a uniform thickness reduction with 2D shell elements or even 1D beam elements used in FEA models in order to justify the computational cost. In such cases, corrosion is simplified as a uniform thickness reduction [21, 22] , with only one set of box girder experiments published in the open literature by Saad-Eldeen et al. [22] [23] [24] . Semi-analytical approaches including the Smith method, compartment progressive collapse method and Idealized Structural Unit method are preferable options for fast estimation of the structural ultimate strength [25] [26] [27] . However, limited research has utilized these methods for corroded/damaged structural analysis [28, 29] . A comprehensive review on this research topic has been published by the authors [30] .
While there is continuous development to established a better understanding of marine corrosion mechanisms and structural resilience, few studies have been published focusing on the time-dependent synergistic process of electrochemical degradation and structural mechanical responses. Specifically, the influence of mechanical stress and strain on the electrochemical performance is often termed mechanoelectrochemical induced corrosion, and has been fairly well recognized in affecting corrosion [31] [32] [33] . However, the degradation process of carbon steel, which is the dominant material used for marine structures, has rarely been systematically studied under pre-stressed and actively stressed conditions. Furthermore, the integrity of rust layers and the effect on the substrate mechanical state are not well understood. Under in-service loads, the mechano-electrochemical damage will subsequently lead to stress and strain concentrations, which may lower the overall strength capacity, accelerate corrosion and lead to cracking. This paper reviews the research that we have been working on over the last five years, aiming to establish a better understanding of the interaction between corrosion and mechanics, as well as its impact on large-scale structural response.
CORRODED STRUCTURAL ANALYSIS

Numerical modelling
The initial research focused on the existing corrosion issues in cargo tanks in oil tankers and bulk carriers using nonlinear FEA [34] . Fig 1 illustrates the workflow of the structural analysis. Prior to the analysis, an investigation of the numerical methodology for thin-walled structures has been conducted in software ANSYS 14.0, including the element performances and boundary conditions [35] . Replications of plate, stiffened plate and stiffened panel models from the literature and benchmark studies were also carried out particularly for ultimate strength analysis, as the initial means to validate the FEA method. The structural modelling contains three scales, i.e., plates, stiffened plates and stiffened panels [34, 36, 37] . Table 1 lists the basic material and geometrical parameters for each model structure. Based on the classification society rules [38] and field coupon tests [39] , corrosion damage was idealized as local material loss, random pitting, microbial-induced bench-shaped pits, rough surfaces and weld-induced grooving corrosion. The analysis incorporates material plasticity and elastic-plastic buckling phenomenon.
Fig 1: Workflow of the corroded structural analysis.
Depending on the location and the actual topography, the non-through thickness material loss covering 25% the structural surface may reduce the overall strength capacity by 20% to 30%. Plates with corrosion along boundaries present a more unstable post-buckling behavior, which may further weaken the resilience of the entire structure. A localized rough surface has negligible impact on the ultimate strength. However, it will lead to stress/strain concentrations (Fig 1) , which could induce cracking and accelerate corrosion (discussed in the next section). Structures with initial deflection and residual stresses along welds are more sensitive to the corrosion damage in terms of overall strength and failure mode. For example, Fig 2 shows the load-shortening curves for stiffened plates subject to grooving corrosion on the plate and compressive loading in the longitudinal direction. Stiffened plates with the commonly used buckling-mode initial deflection do not show a sudden failure mode change during the loading process. In comparison, with the more realistic weld-induced initial deflection, the stress increases almost linearly with the slope close to the Young's modulus of the material up to Point 1, showing a significant outof-plane deformation on one side of the plate. At Point 2 further buckling occurs on the other side of the plate. The model subsequently reaches its ultimate strength state Point 3 with the same failure mode. The sudden out-of-plane deflection change on the plate within the elastic range could cause coating failure and hence further corrosion damage. UZ is the longitudinal displacement; UZy is the displacement at yielding; b and w represent bulking-mode and weld-induced initial deflection shapes respectively) [36] .
When the models are scaled up to stiffened panels, we have found that the corrosion effect on the overall strength reduction is smaller than plate models. Furthermore, for certain aspect ratio and slenderness ratio, the failure mode of the panel model may not be easily predicted from a plate model with the same level of corrosion damage.
Full-field experiments
To fully validate the failure mode prediction from the numerical models, we have also explored the feasibility of using full-field measurement techniques for mechanical experiments. Specifically, the thermoelastic stress analysis (TSA) evolved from the thermoelectricity theory enables the mapping of principal stresses on the specimen surface using an infrared camera:
where is the absolute temperature of the specimen surface; ∆( 1 + 2 ) is the sum of the principal surface stresses; is the thermoelastic constant of the material which was experimentally determined. Digital image correlation (DIC) technique applies a stochastic speckle pattern to provide a unique gray value for each small aperture (subset or interrogation cell) on the specimen surface. By tracking the gray values of each subset during loading, DIC is able to calculate the in-plane deformation/strain on the surface. By using a two-camera stereo set-up, the system was calibrated to build a "working volume" and informs the positions of the two cameras relative to each other to calculate the out-of-plane deformation. The details of the full-field experiment set-up can be found in Refs [34, 35] . Plate specimens and model were tested under uniaxial tensile and compressive loading. Real corrosion damage with and without pre-cracks on offshore steel EN10225 S460G2 has also been tested using TSA and DIC. There was good agreement between the experimental and modelling results for various idealized corrosion features from elastic to plastic buckling regimes in terms of both stress/strain distribution and load-shortening curves. Both techniques are able to provide much more physical evidence than strain gauges, which is vital for calculating stress intensity factor, nonlinear model validation and potential in situ corrosion inspections. However, there are limitations especially when using DIC on corroded surfaces. The nature of the algorithm results in the poor ability handling of sharp edges, which needs improvements in further research.
MULTI-PHYSICS STUDY
Mechano-electrochemistry formula
With a better understanding of the mechanical behavior of structural components at different scales, research has subsequently been directed towards developing our knowledge of the interplay between the electrochemical and mechanical (multi-physics) processes. The initial attempts were based on Gutman's mechano-electrochemical theory [33, 40] :
where a and a0 are the overall anodic current densities with and without the mechanical effect, respectively; m is the absolute value of the spherical stress in the solid phase (MPa); m is the molar volume (m 3 mol -1 ); is the ideal gas constant (8.314 J mol -1 K -1 ); is the temperature (K) conclusions; 0 represents the onset of plastic strain. By substituting m = 7.09 × 10 −6 m 3 mol -1 for iron and 0 = y ⁄ , the ratio of the local anodic current density of a stressed structure to the unstressed condition can be estimated. ∆ was treated as the equivalent plastic strain for this study. The model assumptions include that the initial structural surface was anodic and the structural members were located in a cargo oil tank, where the average temperature was set to be 60°C. The corrosion process was activation controlled due to the very low oxygen level (below 5%). The influence of a polymeric coating was not considered here. The previously studied structural FEA modelling results were used calculate the stress/strain-induced the anodic current density increment ratio ( a / a0 ). Fig 3 is an example of the predicted current density change during the loading process. Despite being a simplified corrosion scenario, the study shows that such theoretical multi-physics formulas can be readily used on structural analysis to identify the "hot spot" locations of potential corrosion acceleration on the structural surfaces. However, vigorous validation of the published formulas is scarce and it is not certain if these formulas can be used for predicting the corrosion damage of carbon steels for maritime applications. Thermodynamically, an increase in the hydrostatic pressure will lead to a more active metallic surface. However, such a conclusion is only valid for a reversible process, elastic region, and there are controversial views on the effect of non-hydrostatic stresses/shear. For an irreversible process containing dislocations and plastic deformations, which is often induced by welding processes, the thermodynamic equations are not readily applicable and the corrosion performance becomes more dependent on phenomena occurring at the microscale at grain and grain boundary levels (Fig 4) . Additionally, on marine structures, the corrosion mechanism of a single type often involves multiple stages, each of which has different elementary steps or processes across several length scales. Protective films and rust layers can also be affected by excessive structural deformations, which subsequently accelerate or retard the corrosion processes. Therefore, experimental methods have been considered in order to help understand the corrosion mechanism and kinetics. 
In situ experiments and shell-solid modelling
The in situ experimental set-up contains a Deben micro tensile testing stage and a Gamry Reference 600 potentiostat. Tensile test specimens are made of UNS G10210 steel (microstructure shown in Fig 4) with a gauge area of 2 mm 2 . All electrochemical tests were conducted at room temperature. The test solution was naturally aerated quiescent 1.7 M NaCl with a pH = 0.85 adjusted with HCl solution, which simulates the aqueous corrosive environment in the bottom section of a crude oil cargo tank [41] . More details can be found in Ref [42] . Fig 5 shows the representative measurements of corrosion kinetics under active elastic/plastic tensile loading. The Faraday law allows a direct transfer from corrosion current density to the corrosion rate. Interestingly the corrosion rate decreases with increased tensile stress, which cannot be predicted by Equation.
2. Visually, a more rapid dark grey/black filming of the surface was apparent with the applied stress. However, the active plastic strain may jeopardize the protective role of the surface film and hence a slightly increased corrosion. The anodic reaction is the iron dissolution into Fe 2+ while the cathodic reaction is the hydrogen evolution. At the microstructural level (Fig 4) , iron dissolution preferentially occurs at the α-proeutectoid ferrite phase and the hydrogen ion is reduced at the Fe3C phase. Moreover, the localized galvanic effect between the laminar ferrite and pearlite carbide is reported to be stronger than between the individual ferrite and pearlite phases, which results in a non-homogenous distribution of the corrosion current density at the steel surface [10] . At low pH, the adsorption of active chloride ions would prevail compared to hydroxyl anions and enables the formation of FeCl2, due to the accumulation of a highly concentrated and acidic metal chloride solution. When more metal cations are produced than can be transported away from near the metal surface, super saturation occurs and a salt film may form suppressing ion transport. Compared to the experimental conditions, the actual environment in the crude oil tank is much more complex. In addition to the service loads, on the bottom plate, the temperature could be above 30℃, which lies in the optimum temperature range for sulphate-reducing bacteria (SRB) metabolisms. With a low level of oxygen, the microbiologically induced corrosion could dominate long-term the corrosion process. The SRB metabolites (typically hydrogen sulphide) can further reduce the pH in the ambient solution and accelerate material deterioration. A more fundamental analysis on deformed Cu(100) surface has also been carried out allowing a new understanding of the influence of mechanical stress/strain on initial oxidation and reduction process based on Density Function Theory [43] . A tensile elastic strain diminishes the underlying driving force for reconstruction and counter-balances the oxygen induced surface stress. The sensitivity of the electrochemical response to elastic strain was confirmed by cyclic voltammetry in perchloric acid. In addition to their effects on the ultimate strength and failure mode from previous structural analysis, welding will also cause electrochemical heterogeneity and microstructural change in the heat-affected zone (HAZ) compared to the base metal. Fig 6 is the Volta potential distribution scanned across a welded carbon steel surface. The potential difference is over 100 mV between the weld and the HAZ, which will induce galvanic corrosion on the HAZ if not effectively protected.
Fig 6: Scanning Kelvin probe force microscopy measurement across a butt weld (UNS G10210 steel).
Due to the fact that localized corrosion has become more of an issue for ships and offshore structures, one way of effectively using the corrosion experimental data in structural simulations is to combine a detailed local corrosion model (preferably using 3D solid elements) with a global 2D shell model in order to minimize the computational cost. The preliminary study contains a nonlinear FEA shell plate model 
CONCLUSIONS
The prediction of corrosion damage to crucial marine infrastructures, such as ships, oil rigs and pipelines, is currently reliant on empirical assumptions and incomplete data which ultimately can lead to safety issues and/or loss of competitiveness. This paper reviews the numerical and experimental work that we have carried out, aiming to establish a firm understanding of the service environment and develop a simulation protocol to incorporate the mechanical and corrosion performances. The nonlinear FEA tool is a mature method for damaged structural analysis for both elastic and plastic behavior. Small-scale mechanical tests together with full-field measurements can provide detailed physical evidence of the damage/corroded structural response. However, the panel model results indicate that it is vital to incorporate the full-scale analysis if such simulation is indeed to be useful for practical design and maintenance. On the other hand, the influence of mechanical stimuli on corrosion from micro-to macro-scale are still not well understood. From our experiments the corrosion kinetics shows a much more complex picture than theoretically predicted, which places a strong drive to develop a multi-physics model to better utilize and integrate the laboratory data into large-scale structural models at a realistic computational cost.
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